The fully halogenated or hydrogenated B12X12 2− (X = H, F, Cl, Br and I) clusters are confirmed to be icosahedral. On the other hand, the bare B12 cluster is shown to have a planar structure. A previous study showed that a transformation from an icosahedron to a plane happens when 5 to 7 iodine atoms are substituted (Chem. Eur. J. 18 (41), 13208-13212).
Introduction
Together with other elements, boron exists in different forms of compounds. Examples of these compounds are boranes (or borohydrides), 1 carboranes, 2 and metallacarboranes. 3 Their peculiar electronic structures and unusual chemical bonds result in a variety of interesting applications in the field of medicine 4 and in the production of coordination polymers, 5 liquid crystals, 6 ionic liquids 7 as wells luminescent materials. 8 Typically, boron compounds show three-dimensional (3D) deltahedra structures with multiple B-B bonds (i.e. multiple-center two-electron bonds). [9] [10] [11] Among them, a heavily studied example is the fully iodine or hydrogen substituted B12I12 2− or B12H12 2− clusters. 12 These clusters have been confirmed to icosahedral (a central icosahedral B12 cage with substitutions in the periphery). Like carbon atoms, boron itself can also form atomic clusters, say boron clusters. Unlike boron compounds in deltahedra structures, small pure boron clusters without further substituents are essentially planar. [13] [14] [15] Until now, the biggest pure boron cluster which is confirmed to be planar is the B40 − cluster, of which the global minimum structure is a planar structure with two adjacent hexagonal holes. 16 Note that many planar boron clusters have hexagonal holes in their most stable structures, and such geometric characteristic was attributed for their high stability. 17 An interesting question is at what degree of substitution the icosahedral B12 cage opens when a fully saturated B12I12 2− cluster undergoes a step by step stripping of the iodine substituents. Previously, a complete series of partly iodinated B12In x− (with n = 1 to 12, x = 1 or 2) was successfully generated in the gas-phase and was studied by mass spectroscopy. 18 Together with theoretical calculations, it was shown that the most stable structures for n ≥ 8 remain the icosahedral B12 cages. The planar structures are preferred for n ≤ 4. The transition between the icosahedral and planar structures is found be n = 5 to 7 depending on the temperatures. 9 Later, a combined experimental and theoretical infrared (IR) spectroscopy study was carried out to narrow down the region of transition. 19 The results showed that the simulated IR spectra matches the experimental IR spectra based on the icosahedral structures for n ≥ 8. The simulated IR spectra of open-B12I7 − cluster showed a certain degree of correspondences to the experimental IR spectra. These results indicated that the icosahedral B12 cage opens at B12I7 − and most probably the experimentally obtained B12I7 − clusters are the mixture of low-lying isomers of both close and open structures.
Until now, all studies are based on the iodine substitutes. To the best of our knowledge, there is no previous study investigating the effects of the different halogen atoms on the opening of the icosahedral B12 cage. To this end, we performed density functional theory (DFT) calculations in this study. We firstly investigated the effects on the geometries and the IR spectra by changing the substitutions from fluorine (F), chlorine (Cl) and bromine (Br) to iodine (I). Subsequently, we computed the Gibbs free energy difference (ΔG) between the
close-and open-B12X7 − clusters (X= F, Cl, Br and I), and the electronic energy (ΔE) contributions are studied by the energy decompositions analysis (EDA).
Computational details
All DFT calculations were carried out with the Gaussian 09 package. 20 All structures were fully optimized at the PBE0 level of theory, 21 with the basis set of def2-TZVP. 22 Within the calculations, the effective core basis set of LanL2DZ was assigned for iodine atom. 23 The harmonic frequency calculations were performed at the same level of theory to characterize the nature of stationary points, i.e. no imaginary frequencies were found for all optimized structures. The initial structures were taken from previous studies by replacing I with F, Cl and Br. 9, 19 The PBE0 functional was benchmarked as a reliable DFT method for boron systems in terms of both geometries and energetics. 23 The combination of a PBE0 functional with a def2-TZVP basis set has been widely used to study the electronic structures of boron clusters. 11, 17, 24 The bonding interactions corresponding to the formation of close-and open-B12X7 − have been analyzed with the EDA scheme. 25 These calculations were performed at PBE0 level with the basis set of TZ2P. 26 The scalar relativistic effects for the iodine atom were incorporated by zeroth order regular approximation (ZORA). 27 All EDA calculations were performed by employing ADF software.
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Results and discussions
All optimized structures, B12X12 2− , close-B12X7 − , open-B12X7 − and bare B12 clusters, are depicted in Figure 1 and the selected distances are provided in Table S1- Note that we do not find significant effects of the different halogen atoms on the B-B bond length distributions, and all close-B12X7 − clusters show similar B-B bond lengths (for more details, see Table S1 ) The reactivity of the halogenated boron clusters (i.e. B12X12 2− ) is often studied by the electrospray ionization mass spectrometry (ESI-MS). 18 The ions produced by ESI-MS often can capture internal energy in the range of 100 -200 kJ mol −1 , which corresponds to temperature of several thousands Kelvin. Therefore, we computed the Gibbs free energies,
ΔG, for both open-and close-B12X7
− at 300, 1500, and 5000 K, through the harmonic approximations for the minimum structures on the potential energy surface at 0 K. The Gibbs free energies were computed by ΔG = Gico -Gope = ΔU + RT -TΔS (U is the internal energy,
T is the temperature, R is the gas constant and S is the entropy), and the data are given in Table 1 . Previously, it was found that for the B12 cluster with seven iodine substituents, the temperature dependence of ΔG is important, 9 and here we have found the same phenomenon.
For example, at 0 and 300 K, the close-B12I7 − is favored by 22. cage. This is most probably because of the pulling manner of halogen atoms in the breaking B-B bonds. Heavier elements have stronger strength to pull the boron atoms and is easier to break the B-B bonds. In general, the open forms of B12X7 − cluster became more stable over the close forms from F to I (Table 1) . At 0 and 300 K, all ΔG values were positive, indicating that the close forms of B12X7 − are favored for all halogen atoms. However, the ΔG vales show similar trend to that computed at higher temperatures, i.e. 1500 and 5000 K. Interestingly, the difference in ΔG values are almost constant and are independent from the temperatures. Taking B12Br7  − and   B12I7 − as examples, we observe that the differences between the ΔG are about 3 kcal mol −1 from 0 to 5000 K (the difference between the last two columns in Table 1 Since the absolute values of ΔEPauli is much bigger than that of Eelstat, the summation of these two terms gives negative values which are comparable to the absolute vales of ΔEorb. In short, 
Conclusions
In this study, we investigated the effects of different halogen atoms (F to I) on the opening of the icosahedral B12 cage by means of DFT calculations. We firstly investigated the effects on the geometric parameters as well as the IR spectra by changing the substitutions from F to I. Subsequently, we computed the Gibbs free energy differences (ΔG) between the open-and close-B12I7 − clusters and the electronic energy contributions were studied by the energy decompositions analysis (EDA). We found that the halogen atoms do not have significant effects on the geometry of the structures. Moreover, the computed IR spectra showed similar representative peaks for all halogen atoms. Interestingly, while increasing the mass of the halogen atoms, we found a blue-shift in the IR spectra. 
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